In this paper, a bio-inspired bending actuator was designed and fabricated using piezoelectric patches and cantilever-shaped beam for controlling nose shape. The aim of this study is to investigate the use of the bending actuator. PZT and single crystal PMN-PT actuators were used to generate translational strain and shear stress. The piezoelectric patches were attached on the clamped cantilever beam to convert their translational strains to bending motion of the beam. First, finite element analysis was performed to identify and to make an accurate estimate of the feasibility on the bending actuation by applying various voltages and frequencies. Based on the results of the FEM analysis, the experiments were also performed. Static voltages and dynamic voltages with various frequencies were applied to the bending actuators with PZTs and PMN-PTs, and the rotation angles of the nose connected to the top of bending actuators were measured, respectively. As the results, the bending actuator using PMN-PT patches showed better performances in all cases. With the increases of signal frequency and input voltage, the rotation angle also found to be increased. Especially at the frequency of 5 Hz and input voltage of 600 V, the nose generated the maximum rotation angle of 3.15 degree.
INTRODUCTION
Controlling or changing the direction of the flight projectiles is a key technology in rockets and missiles. The flight projectiles can be easily controlled by controlling the nose directions. 1 2 For this reason, a number of design methodologies have been proposed using different actuators. [3] [4] [5] [6] [7] [8] [9] [10] However few number of actuator classes could fulfill all the requirements such as deflection, extreme conditions, force, moment, power consumption and bandwidth. 11 To meet the desired requirements, piezoelectric materials have been applied for this research field.
The piezoelectric ceramic material, lead zirconate titanate (Pb[Zr(x)Ti(1 − x)]O 3 ; PZT), is a kind of piezoelectric material widely used in research and industrial areas with its unique properties. Further lead magnesium niobate-lead titanate ((1 − x)PMN-(x)PT; PMN-PT), is the single crystal piezoelectric material. Material properties of PZT or PMN-PT have shown extensive applications * Author to whom correspondence should be addressed. in various areas including sensors and actuators such as sonar detectors, microphones, speakers. In this study the patch-shaped PZT and PMN-PT piezoelectric materials were attached to both upper and lower surfaces of cantilevered beams to utilize them for bending actuation. These piezoelectric bending actuators which are advantageous in fast response and accurate rotation can be applied for the direction controller of conical nose.
The feasibility of this application has been repeatedly demonstrated in the literature, 5-8 but a real demonstration of a working device is partially successful because the various design parameters are needed to stimulate for the construction of bending actuator. In this study, we designed the bending actuators through the finite element method for accurate estimation of the rotational motion and demonstrated the rotational motion of the conical nose by conducting the experiment. Designing and experiments of the bending actuators were performed and results of experiments were compared by using two different piezoelectric patches and different number of the piezoelectric patches. 
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BENDING ACTUATOR DESIGN AND FABRICATION
Design of Bending Actuators Using FEM
The bending actuator is composed of the beam and attached piezoelectric patches at regular intervals on the both surfaces of the beam to make bidirectional rotation as shown in Figure 1 . The bending actuator is clamped with bending actuator support fixture. The conical nose is also attached to bending actuator. The size of aluminum conical nose is 70 mm in diameter and 105 mm in height. In view of shape, weight and manufacturing of the nose, the aluminum cantilever beam of 1.2 mm thickness was chosen and anodized for insulation. The dimension of beam and patches in Figure 1 A finite element analysis was implemented for the designed structures by using a piezoelectric devices module in COMSOL Multiphysics 4.3a. In the simulation, the size and material properties of models were same as the designed prototypes and piezoelectric patches. So as to make same boundary condition in the simulation model, fixed surface was located at clamped position of the beams. The mesh of the models was constructed with hexahedral elements having a size from 1.0 m to 0.01 mm as shown in Figure 2 (a).
Through the applying static voltages and dynamic voltages with modified sinusoidal waves to the piezoelectric patches, the rotation angle of the conical nose was generated. The excitation frequencies are 1 and 5 Hz and amplitude of the input voltages is varied from 100 V to 600 V as shown in Figure 3 (a). When a certain voltage is applied as sinusoidal wave to the piezoelectric patches on the upper surface of the beams, the applied voltage is turned off to the piezoelectric patches on the lower surface of the beams since the piezoelectric patches are unipolar. After one period, voltages are applied reversely to the both side of piezoelectric patches. By this process, the bending actuators can be controlled to bidirectional rotation. due to large displacement and shear stress. Moreover the actuation performance are linearly increased with amplitude of input voltage and increment of excitation frequency.
Fabrication of Bending Actuators
Based on the proposed design and the simulation results, the prototypes of the bending actuators and conical nose assembly structure were fabricated. All of the structures were made of aluminum alloy. The nose weighs 126 g and the total dimension of the apparatus is diameter of 70 mm and height of 230 mm. The single crystal PMN-PT and PZT patches were used to compare the performance of the bending actuator by the type of the piezoelectric materials. The 12 and 16 patches of PMN-PTs were used to fabricate the bending actuator to compare the performance of the bending actuator by the number of the piezoelectric materials. For ground connection, conductive electrical adhesive tape was used on the both side of beam. The middle parts of the ground surfaces of the PZT or PMN-PT patches were bonded to the conductive electrical adhesive tape with electronic silver epoxy and the other parts on the ground plane parts of the piezoelectric patches were directly bonded to the beam with epoxy resin. After that, wires were soldered to the each potential surface of the piezoelectric patches. Figure 4 shows the prototype bending actuator with the conical nose as described above.
C-64 series in PZT-Pb(ZrTi)O 3 was purchased from Fujiceramics Co. and LCSC150-85 series in PMN-29PT was purchased from Ceracomp Co. for construction of the bending actuator. Both the piezoelectric patches are unipolar. The specifications of the materials are shown in Table I . Since the types and material properties are different from each other, the materials were used and the performances of the actuators were compared. [13] [14] [15] (a) (b) (c) 
EXPERIMENTAL DETAILS
Experiment Setup
The experimental setup consists of a bending actuator apparatus and a laser displacement sensor as shown in Figure 5 (a). The laser displacement sensor (LK-031, KEYENCE ® ) was used to measure the displacement of the conical nose and by using an equation, the rotational angle of the nose was calculated. The voltages with various frequencies were applied to the piezoelectric patches through a high voltage amplifier (PZD700, TREK). The signals with modified sinusoidal waves were generated and measured by the signal generation-data acquisition system (PXI-1042Q and LabVIEW, National instrument ® ). As shown in Figure 5 (a), the laser displacement detects a point of the conical nose, and when the conical nose moves, the displacement is measured. Figure 5(b) shows the schematicrepresentation for the calculation of rotation angle using the measured displacement and the geometry of the conical nose. It was assumed that the nose is triangular and the bending actuator's motion is linear and the displacement of height at conical nose's tip position is negligible. The measured displacement is denoted as s 0 and the distance between the center of the conical nose's bottom plane and the measured point at activated position is denoted as s 1 . The distance between the center of the nose bottom plane and the laser detecting point at the initial position is s 2 . The distance between the nose tip and the center of the rotational point at activated position is l 1 . The distance between the center of the rotational point and measured point at activated position is l 2 . The rotational angle of the nose is calculated by the equation as below.
Results of Measurement
The modified sinusoidal signals were applied to the bending actuators with various frequencies and voltages. The results are shown in Figures 6 and 7 . In comparison with the types of the piezoelectric patches, the bending actuator using PMN-PT patches showed better performance and the results have good agreement with the simulation results. The rotational angle of the actuator using PMN-PT patches was about degree of 1.5 at the frequency of 1 Hz and voltage of 500 V and degree of 2.1 at frequency of 5 Hz and voltage of 500 V as shown in Figure 6 . And the rotational angle of the nose was increased as the number of piezoelectric patches increased as shown in Figure 7 . Since the bending actuator based on PMN-PT patches showed better actuation properties comparing to the bending actuator based on PZT patches, the experiment for the performance about the number of the piezoelectric patches was only performed for the PMN-PT patches. The maximum rotational angle of the conical nose was measured as 3.15 degree at the voltage of 600 V and frequency of 5 Hz as shown in Figure 7 (b).
DISCUSSION
According to the results, the bending actuator based on single crystal PMN-PT patches shows better performance comparing to the bending actuator based on PZT patches. The measured rotational angle of the bending actuator using PMN-PT patches was about 2.5 times larger than that of the bending actuator using PZT patches. In this study, piezoelectric charge constant of the PMN-PT (d31; 437 3 × 10 −12 m/V) is about three times larger than the piezoelectric charge constant of the PZT (d31; 187 7 × 10 −12 m/V). Due to this reason, the rotational angle was generated differently. Comparing the results at frequency of 1 Hz sinusoidal signals and frequency of 5 Hz sinusoidal signals, the bending actuator using PMN-PT patches generated about 2.5∼3.5 times larger rotational angles which can be clearly identified in Figure 6(b) . With the increase of driving voltages and frequencies, the difference between the rotational angles generated by the two types of bending actuators increases. These results can be explained by adopting the inertia of the nose. As the bending actuator generates the motion, the acceleration also increases and the inertia affects the motion of the bending actuator. If a control system is applied to this kind of motion system, the inertia of the nose should be considered for the accurate control of the rotation angle and position.
CONCLUSION
The piezoelectric bending actuators to generate the rotation of the conical nose have been demonstrated. The operational principle and the structure of the bending actuators are described. Prototypes of bending actuators with conical nose have been constructed with cantilever beams and piezo-ceramic actuators. It was observed that the nose can be rotated to maximum angle of 3.16 degrees at the frequency of 5 Hz and voltage of 600 V. The experimental results were also identified as agreement with the estimated simulation results. It was also found that the performance of the bending actuators highly depends on the piezoelectric materials, the number of patches, amplitude of voltage and excitation frequency.
The advantage of this kind of bending actuator is fast response, precisely controllable rotation in two directions and simple structure which can be appropriately made for mass production. However it is expected that low output torque and only 2D rotation motion are the main disadvantages of the structures. The issues and often unsolved issues need to be addressed for being deployed on a commercial scale. Nevertheless, the proposed system shows good manufacturing feasibility and actuation efficiency in comparison with other bending structures because of relatively simple structure machinability. 
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